Women eligible for breast screening are identified from the National Health Service database and invited every 3 years by one of the 80 breast screening facilities in England. Bilateral two-view mammography, predominantly performed in mobile vans, is independently double read by film readers with defined national standards for training, caseloads and service, and performance. Film readers include accredited breast subspecialist radiologists and advanced practice mammographers. Arbitration (usually performed by a radiologist or panel of film readers) is undertaken for mammograms where there is a discrepancy between readers' opinions. Women recalled for further investigation (assessment) attend the responsible screening service. Assessment is conducted according to national guidance and all women undergoing biopsy are discussed at multidisciplinary team meetings (12) .
Data Collection
Annual categorical data returns are produced for each of the 80 screening facilities where women with screening episodes opened during April 1 to March 31 are followed up to measure recall, biopsy rates, and cancer detection for each screening type (eg, first invitation, routine invitation to previous nonattender, or routine invitation to previous attender) by using 10 age bands. All facilities report the same information with uniform definitions ensuring comparability. The full data set consisted of 12.5 million routine screening episodes, and the analysis data set restricted the data to prevalent (first invitation) screening episodes at ages 45-52 years (age bands, 45-49 years and 50-52 years) and incident (subsequent) screening episodes at ages 53-70 years (age bands, 53-54 years, 55-59 years, 60-64 years, 65-69 years, and 70 years) to ensure maximum comparability across years.
Additional annex data sets give details on all individual cancers (grade, size, and nodal status) detected within each screening type and age band and have been linked to the main returns to produce the analysis data set. Grade is given as 1, 2, or 3 for invasive cancers and as high or low to intermediate for ductal carcinoma in situ (DCIS). For prevalent screening episodes, the denominator is women but for incident screening episodes, the denominator is woman-episode because some women will have had two episodes over the study period.
Each facility has a static (hospital-based) mammography unit and several mobile vans or satellite facilities each with a mammography unit. These mammography units were gradually replaced by digital systems over the period from 2008 to 2015. Records of the change from SFM to DM for each of the 80 facilities and associated mammography units were kept by the national screening office at four different time periods over the conversion period. These records have been used to estimate the percentage of screening episodes undertaken with DM and SFM screening over the conversion period, and the estimate of percentage of digital usage at any time during the conversion process has been obtained by using a Gompertz model ( Figure E1 
Summary
The overall cancer detection rate was 14% greater with digital mammography compared with screen-film mammography, with substantially higher detection of grade 1 and grade 2 invasive cancers but no change in the detection of grade 3 invasive cancers.
Implications for Patient Care
n Detection of some potentially life-threatening cancers is higher with digital mammography (DM) than screening mammography.
n DM has greater sensitivity at the same recall rate as screen-film mammography.
n DM results in improved effectiveness for breast cancer screening compared with screening mammography.
women), the sensitivity of DM has been estimated to be higher than that of SFM (10, 11) . There is a lack of evidence in large populations on the direct effect of DM at a similar recall rate to SFM imaging. This study examines the impact of DM on cancer detection rates and recall rates and aims to estimate the effect of DM in increasing detection rates for both prevalent (first) and incident (subsequent) screening episodes from women invited every 3 years.
Materials and Methods
The NHSBSP has gained approval to access and process patient data for the purposes of quality assuring the NHSBSP under section 251 of the Health and Social Care Act 2008 through approval of the Confidentiality Advisory Group (previously the National Information Governance Board for Health and Social Care). Because this study did not involve patient contact, intervention, or use of identifiable patient data, it was determined to be exempt from human subject ethical review in the United Kingdom. Ethics committee approval was therefore not required and written informed consent was waived.
No industry support was provided for this study. The authors had control of the information submitted for publication.
Study Population
This study was undertaken by using data from an ongoing population-based breast screening program for asymptomatic women aged 50-70 years. The NHSBSP uses a single national information technology system, the National Breast Screening Computer System, and collects standardized data on all breast screening activity by each facility. This information is published annually by National Health Service Digital and is anonymized. The study is divided into three time periods (early, middle, and late digital implementation periods) with different penetrance of digital usage. The age range of women screened is 45-70 years, with a mean age of 59 years. Note.-Unless otherwise specified, data in parentheses are the rate per 1000 women screened. DCIS = ductal carcinoma in situ, DM = digital mammography, IHG = invasive, microinvasive, high-grade DCIS. * Data in parentheses are P values. † Data indicates estimated rate at 100% film usage and 100% digital usage. ‡ Data in parentheses are 95% confidence intervals, with P values in brackets.
Analysis and Modeling
Screening with DM was first introduced in 2008 but not fully implemented until 2015. The seven screening years from 2009-2010 to 2015-2016 have been divided into three groups (early, middle, and late digital conversion periods). Mean age for each period is calculated by using a weighted mean age, where the midpoint age is multiplied by the number of screening episodes in that age band and divided by the total screening episodes from all the age bands.
In 
Statistical Analysis
The percentage change in cancer detection rate between the early and late implementation period was calculated, and the significance was calculated from a test of two proportions. Assuming negligible change in background incidence (see the Results section), this will underestimate the full effect of DM as the early implementation period had DM usage of 34.6%. To estimate the full effect and use all the data including the middle implementation period, a binomial regression model was used to determine the risk ratio and risk difference between 0% and 100% digital use by producing models with radiology.rsna.org n Radiology: Volume 00: Number 0-2018 proportion of digital usage (0.346, 0.810, and 0.980) against proportion of screened women with cancer detected in each of the three groups. Prevalent screening episodes (ages 45-52 years) and incident screening episodes (ages 53-70 years) were analyzed separately and combined. For the combined data, the mean age was almost the same across the implementation period. For prevalent screening episodes, there was a small difference (a trend) in mean age between the three groups (up to 10 months), and we adjusted the rate to the midpoint of 50.2 years. For incident screening episodes, the difference was 3 months (again with a trend), and we adjusted the rates to the midpoint age of 61.6 years. Adjustments used regression models of cancer detection rate with age. 
Results
In the analysis data set, there were 11 258 620 routine screening episodes, of which 2 295 016 were routine prevalent (first) screening episodes at age 45-52 years and 8 963 604 incident (subsequent) screening episodes at age 53-70 years. From these screening tests, there were 86 443 (7.7 per 1000 women screened) cancers. Table 1 shows the observed rates of recall and cancer detection for all screening episodes over the three time periods for invasive, microinvasive, and noninvasive 5 cancers. Recall rates are stable. For all cancers there was a 9% (P , .001) change in detection rates between the early (7.30 per 1000) and late (7.93 per 1000) implementation periods (22 626 of 3 100 963 vs 25 697 of 3 238 892). By using binomial regression, the estimated SFM cancer detection rate was 6.95 per 1000, which increased by 1.00 per 1000 to 7.95 per 1000 for fully digital screening (P , .001), an estimated increase of 14% (P , .001). The largest increase was for grade 1 and 2 invasive cancers (0.60 per 1000) followed by highgrade DCIS (0.29 per 1000) and lowto intermediate grade DCIS (0.13 per 1000). There was no increase in grade 3 invasive cancers. There were 13 675 grade 3 invasive cancers in the study, and the difference between film and digital was 0.03 (95% confidence interval [CI]: 0.06, 0.11) per 1000 (P = .53 showing little or no effect in the detection of these cancers). Table 2 shows the results for invasive cancers by detailed histologic type, showing higher detection of invasive cancers, mostly grade 1 and 2 invasive ductal cancers and lobular cancers. The estimated mean invasive cancer size was reduced from 16.53 mm for film to 16.16 mm for digital, a difference of 20.37 mm (P = .046).
Further details of ductal invasive and lobular invasive cancers by size for all episodes are shown in Table 3 . The models estimate that DM had higher detection of ductal invasive grade 2 cancer for both small tumors (,15 mm) by 0.14 per 1000 (P = .001) and larger tumors (15 mm) by 0.08 per 1000 (P = .03). In contrast, DM only increased the detection of small (,15 mm) grade 1 invasive ductal cancers (0.15 per 1000), with no increase in larger (15 mm) grade 1 ductal cancers. Overall, there was no change in grade 3 ductal invasive cancers and no change in the overall detection of 15-mm invasive ductal cancers over the implementation period (P = .88). If we assume the larger ductal cancers are detected by film or digital, then we can infer there was little or no change in background incidence over the period. For lobular invasive cancers (Table  3 ) there was also evidence that both small (,15 mm) and larger (15 mm) cancer detection rates increased by 0.05 per 1000 (P = .003) and 0.05 per 1000 (P = .03), respectively. Note.-Unless otherwise specified, data in parentheses are percentages and data in brackets are the rate per 1000 women screened. Overall rate for all grades of <15 mm increased from 2.34 per 1000 to 2.52 per 1000 (test of trend P < .001) over the early to late periods, but for all grades ≥15 mm the rate increased from 1.88 to 1.89 (test of trend P = .88). There is, therefore, no change in the larger ductal invasive cancers over the early to late periods suggesting no major change in background incidence, and the effect of digital is mostly in the detection of small invasive ductal cancers. DM = digital mammography. an absolute increase of 0.91 per 1000 (Table 4A ). There were increases for grade 1 and 2 invasive cancers (13%; P , .001), high-grade DCIS (31%; P , .001), and low-to intermediate-grade DCIS (22%; P = .001). The exception was for grade 3 invasive cancers, where there was no change in the cancer detection rate of DM compared with SFM (21%; P = .85). Table 4 shows the estimated detection rates for film and digital and the increase in detection rates at prevalent and incident screening episodes. At prevalent screening episodes (ages 45-52 years), there was an increase in all cancers of 19% from 6.33 to 7.59 per 1000, which was a difference of 1.26 per 1000 (P , . The incident screening episode cancer detection rates increased by 13% from 7.11 to 8.02 per 1000 (P , .001), Note.-Unless otherwise specified, data are the rate per 1000 women screened. Histologic type for invasive cancers are ductal (DN); lobular (LP); mixed (MP); tubular and tubular mixed (TP + TM) and medullary; other primary cancer and other mixed (MD + OP + OM). DCIS = ductal carcinoma in situ, DM = digital mammography, IHG = invasive, microinvasive, high-grade DCIS. * Mean age for early, middle, and late periods was 50.8 years, 50.2 years, and 50.0, years, respectively. By using prevalent screening episode data for all years, the association between age and cancer detection rate at these ages ranges was estimated and corrected to the middle period age of 50.2 years (early rates multiplied by 0.966 and digital by 1.011). † Mean age for early, middle, and late periods was 61.4 years, 61.6 years, and 61.7 years, respectively. By using the modeled association between age and cancer detection rate, mean age was adjusted to 61.6 years (early rates multiplied by 1.0095 and late by 0.995). These correction factors were applied to all types of cancer (all rows). ‡ Data in parentheses are P values. § All three groups adjusted to age 50.2 years. ║ Adjusted to age 61.6 years as per Table 4A .
7 highly significant greater detection rates from DM for incident screening episodes. In contrast, grade 3 ductal invasive cancers showed a reduction of 8% (P = .03).
Discussion
In this very large study of the NHSBSP, we found that DM was associated with significantly greater cancer detection rates without changing recall rates. Our main findings are that the overall cancer detection rate was 14% greater with DM, with substantially higher detection of grade 1 and grade 2 invasive cancers, including both ductal and lobular cancers, but no change in the detection of grade 3 invasive cancers. Many previous studies of the introduction of DM have been associated with higher rates of recall for assessment in both American and European programs (9, 13, 14) . A large study from Holland (15) of 6 million screening episodes showed higher detection rates of DCIS. However, in that period there was a deliberate policy to increase recall rates, which almost doubled in the incident screening episode from 2.3% to 4.4% (8, 16) . Previous studies have struggled to separate the absolute effect of DM from the higher detection rates that would occur from use of SFM by merely increasing recall rates (Table 5) . We adjusted for small variations in mean age between the study periods where required and inferred negligible change in background incidence over the study period. With no change in recall rates, we therefore conclude that our study reports the unbiased impact on detection rates of changing from SFM to DM.
Higher Cancer Detection Is Seen in Both Older and Younger Women
Early studies of the introduction of DM indicated that the principle gain in cancer detection occurred in younger women and those with dense breasts. In the Digital Mammography Screening Trial (or DMIST) study, women younger than 50 years at screening showed an increase of 0.15 in area under receiver operating characteristic curve, with only an increase of 0.03 in women of all ages (4,10). At prevalent screening episodes (ages 45-52 years), the impact of DM is highest for the detection of high-grade DCIS with a substantial increase of around 64% (0.52 per 1000; P , .001)). There was a smaller increase in low-to intermediate-grade DCIS of 0.20 per 1000 (P = .016). This supports previous findings of a large increase in the detection of DCIS at initial screening examinations with DM probably related to improved visualization of microcalcifications (4, 8) . Calcification representing DCIS is well seen at DM (Fig 1) . In agreement with previous studies, we also showed superiority of DM over SFM for demonstration of invasive cancers, which are more likely to manifest as soft-tissue lesions radiologically (17, 18) .
There was no evidence of an increase in grade 3 invasive cancers (Fig 2) . The absolute increase at both prevalent and incident screening episodes combined was 0.03 (95% CI: 0.06, 0.11) per 1000 (P = .53), thereby ruling out any large increase in the detection of these cancers. This is counter to previous findings of an increase in grade 3 invasive ductal carcinoma in the French screening program with DM (9).
That recall rates were largely unchanged in our study may be because there are carefully monitored target rates within the program and screening facilities tend to maintain stable rates over time. Facilities are also are reluctant to reduce recall rates in case cancers are missed.
Interval Cancers and Mortality
Interval cancer data from this period were incomplete and therefore not included in our study. Previous studies have shown conflicting impact of DM on interval cancer rates with some evidence of a reduction in interval cancer rates associated with increased sensitivity of DM (11) and other studies showing no difference in rates (19) .
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Technical Considerations around Conversion to Digital Digital screening in England during the early years of the period studied included a small amount of computed radiography. This was inferior to DM in cancer detection (9) . From 2010, no new computed radiography units were installed and those in use were phased out; the number of units was too small to impact our results. During the introduction of DM, a number of units would print out the digital image and read the hard copy (20) , reducing the potential gains in efficiency and image quality, but allowing a mixed economy of DM and SFM to be managed during a transition period. The quality of such hard-copy images was not inferior to SFM (20) .
Limitations of the Study
The NHSBSP data set uses aggregated data and does not provide information on factors such as breast density, tumor receptors, or radiologic features prompting recall. Other limitations were the estimated use of DM with time and the assumption of no confounding by background incidence. These weaknesses are counterbalaced by the size of the overall data set and uniformity of screening practice and data collection. The introduction of DM units at screening facilities as older mammography units were replaced means that the study is unlikely to be biased by population characteristics.
In conclusion, we have shown that the overall cancer detection rate was 14% greater with digital mammography but had no effect on the detection of grade 3 invasive cancers. Future studies should seek to determine how digital mammography could be improved to increase detection of grade 3 invasive cancers. Disclosures of Conflicts of Interest: R.G.B. disclosed no relevant relationships. M.G.W. Activities related to the present article: disclosed no relevant relationships. Activities not related to the present article: institution received money for peerreviewed grants from CRUK, DH, EPSRC, HTA, MRC, NIHR, and Roche. Other relationships: disclosed no relevant relationships. R.A. disclosed no relevant relationships. O.K. disclosed no relevant relationships. J.J. disclosed no relevant relationships. J.P. disclosed no relevant relationships. R.M.G.W. disclosed no relevant relationships.
